The synthesis and characterization of random copolyesters containing biphenylene ring systems, 1986 by Nwogwugwu, Dennis C. S. (Author)
THE SYNTHESIS AND CHARACTERIZATION OF RANDOM
COPOLYESTERS CONTAINING BIPHENYLENE RING SYSTEMS
A THESIS
SUBMITTED TO THE FACULTY OF ATLANTA UNIVERSITY
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR
THE DEGREE OF MASTER OF SCIENCE
BY





To my beloved mother and father, Grace and Stephen Nwogwugwu.
my sister Comfort and her husband Godwin; and to my sister Rhoda.
ACKNOWLEDGEMENTS
I am greatly indebted to the following people: Dr. Malcolm Polk,
for his intensive guidance through this work; Dr. Frank Cummings, for
providing a leadership that allowed people to function in the depart¬
ment; Mr. Obi Onwunaka, for his helpful technical criticisms; Ms.
Diane Douglas, for being my closest friend and providing moral support;





LIST OF FIGURES v
INTRODUCTION 1
EXPERIMENTAL 14






1 Ensemble of molecules exhibiting maximum strength 3
2 Model representing the structure of melt-spun fibers of
flexible polymers such as PET 3
3 Longitudinal and cross-sectional views of low and high
draw ratio fibers 3
4 Structure of nematic phase 7
5 Structure of smectic phase 7
6 Structure of cholesteric phase 8
7 Representation of isotropic liquid and body centered
cubic solid 8
8 The lamellar and hexagonal phases of soaps 10
9 Generalized structural model of a liquid crystal 11
10 IR spectrum of copolyester 1 19
11 NMR spectrum of copolyester 1 20
12 NMR spectrum of copolyester 1 22
13 Optical micrographs of copolyester 1 23
14 DSC thermogram of copolyester 1 25
15 IR spectrum of copolyester II 28
16 NMR spectrum of copolyester II 29
17 13c NMR spectrum of copolyester II 30
18 DSC thermogram of copolyester II 33
19 Optical micrographs of copolyester II 34
V
INTRODUCTION
Despite the great leaps forward made in the last several decades
toward understanding polymers, frontiers still remain unexplored. The
mechanisms of flame retardation by halogens and phosphates, drag reduc¬
tion by dilute polymer solutions, filler reinforcement of rubber and
plastics, and the freeze - thaw stabilization of human blood are in¬
completely understood. Significantly in each case, the polymer does
not have an isolated existence, but is part of a system. The use of
polymers to stabilize whole blood during extended storage at liquid
nitrogen temperatures is but one example of the way in which polymer
systems can be applied in the interest of humanity. One of the most
significant end uses for liquid crystal polymers is as fibers. Fibers
from rigid chain polymers have very high specific strengths and moduli.
Compared to glass, carbon or steel, they have a very low specific
gravity. These properties make these fibers particularly suitable for
aplications where weight savings are critical. The U.S. space shuttle
is a typical example. Other applications include tire cord, conveyor
belts, cables, body armor, and use as reinforcement in rigid composites
like skis, golf clubs, fan blades, etc. Liquid crystals are applied
extensively in thermal mapping and display technology. The first of
these applications utilizes the temperature - dependent selective
light scattering of cholesteric compounds; the second utilizes tempera¬
ture and electric field - dependent light scattering of cholesteric
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compounds and electric field effects of nematic compounds.
The internal structure of a fibrous model shows that a closely
packed ensemble of parallel extended polymer chains should exhibit the
highest achievable specific strength. These unique characteristics of
uniaxially oriented polymers are the basis for the technology of ultra-
high - strength polymeric fibers. Fibrous structures of significant
dimensions that approach their theoretical maximum strength are diffi¬
cult to synthesize. However, the gap between the theoretical strength
and experimental results has been greatly reduced during recent years.
A strength of one giga-pascal appeared to be a limit that was only rare¬
ly exceeded in laboratory experiments, but could not be achieved on a
commercial scale. It was the discovery of very strong polyaramid
fibers produced from anisotropic solution, and the realization of the
importance of highly ordered extended chain fibers that provided an
unprecedented impetus to the research in ultrahigh - strength fibers.
The liquid crystalline state is of great importance in the prepar¬
ation of uniaxially oriented polymeric structures exhibiting ultra-high
modulus and strength. Its role is immediately recognizable by inspect¬
ing the structural model of Fig. 1. This represents an ensemble of
molecules exhibiting maximum theoretical modulus and strength. For a
given finite molecular weight this model represents a nematic structure
except that in the case of high strength fibers the distance between
the chain ends is very large. Also some polymeric forms may exhibit a
high degree of three - dimensional local order in spite of random spacing
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Figure 2. Model representing the structure of melt-spun fibers
of flexible polymers such as PET.
Figure 3. Longitudinal and cross-sectional views of (a) Tow and
(b) high draw ratio fibers.
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bers having structures resembling that in Fig. 1 have been prepared
from a variety of polymers. On one extreme we have very rigid, insolu¬
ble and infusible graphite fibers and on the other, flexible low melt¬
ing, soluble polyethylene. Semirigid and rod-like polymers exhibiting
thermotropic and/or lyotropic behavior fall in the range between these
two extremes.
Fibers that are melt-spun and drawn from flexible low-melting
linear polymers can best be represented by the two-phase composite
model shown in Fig. 2. According to this model the fibers consist of
microfibrils surrounded by an extended chain matrix in which the
molecules are highly oriented but under considerable strain. The
structure of the microfibrils consists of a series of crystalline and
amorphous domains with many chain folds accumulated in the boundary
between the two elements of the microfibrils. During drawing, the vol¬
ume fraction of the microfibrils decreases, whereas that of the ex¬
tended drawn matrix increases. The increase in fiber strength on
drawing is to a large degree a result of transformation of microfibrils
into extended chain interfibrillar molecules. The extent of structural
change in the microfibrils during drawing varies from polymer to poly¬
mer. Fiber properties such as strength, diffusion, and shrinkage force
are determined by the matrix. The dispersed phase and the microfibrils
primarily provide dimensional stability^. The chain folds that are so
persistent in flexible molecules can be reduced by increasing the
rigidity of the polymer molecule. If a large section of the molecule
5
is straight and rigid, the polymers begin to exhibit liquid crystalline
behavior. The increase in the rigidity of polymer molecules is invaria¬
bly accompanied by two phenomena: a reduction in solubility and an
increase in the melting point. Therefore, the rigid-rod polymer that
is an ideal material for producing ultrahigh strength, ultrahigh-modulus
fibers may not be processed either from the melt or solution. The
term liquid crystal signifies a state of aggregation that is inter¬
mediate between the crystalline solid and the amorphous liquid.2 Put
in other words; liquid crystals are highly anisotropic fluids that
exist between the boundaries of the solid and conventional isotropic
liquid phase. The phase is a result of long range orientational order¬
ing among constituent molecules that occurs within certain ranges of
temperature in melts and solutions of many organic compounds. The
ordering is sufficient to impart some solidlike properties on the
fluid but the forces of attraction usually are not strong enough to
prevent flow. In those cases where a liquid crystalline substance
is substantially solid in terms of flow, there are other fluid aspects
to its physical state. This dualism of physical properties is expressed
in the term liquid crystal. Liquid crystallinity is also referred to
as mesomorphism. Liquid crystals are in thermodynamic equilibrium
over wide temperature ranges and undergo well defined phase changes.
The general, common molecular feature is an elongated, narrow molecular
framework which usually is depicted as a rod or cigar-shaped entity.
Some disk-shaped molecules also adopt liquid crystal structures. The
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orientational association of the molecules is only partial and, as the
nature of intermolecular forces is delicate, liquid crystals are extra¬
ordinarily sensitive to external perturbations e.g., temperature, pres¬
sure, electric or magnetic fields, or foreign vapors. This is why
liquid crystals may be used as practical devices to monitor ambient
changes or to convert an environmental fluctuation into a useful out¬
put.
The first observations of liquid crystalline or mesomorphic be¬
havior were made toward the end of the last century by Reinitzer^ and
Lehmann.Two major classes of liquid crystals are now recognized;
the thermotropic and the lyotropic. Thermotropic liquid crystals are
either nematic, smectic or cholesteric. Nematic describes among other
textures the threadlike structures that are observed under a micro¬
scope. In the nematic structure the molecules maintain a parallel or
nearly parallel arrangement to each other (Fig. 4.). They are mobile
in three directions and can rotate about one axis. Smectic means
grease or slime. This structure is stratified, with the molecules
arranged in layers; their long axes lie parallel to each other in the
layers, approximately normal to the plane of the layers (Fig. 5.).
The molecules can move in two directions in the plane and they can
rotate about one axis. Within the layers the molecules can be arranged
either in neat rows or can be randomly distributed. Included with the
nematic liquid crystals is a subclass referred to as cholesteric nemat¬
ic liquid crystals (Fig. 6). Many of these compounds are derivatives
7
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Figure 4. Structure of nematic phase.
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Figure 5. Structure of smectic phase.
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Figure 6. Structure of cholesteric phase.
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Figure 7. Representation of (a) isotropic liquid (b) body-centered
cubic solid.
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of cholesterol. In the cholesteric phase the molecules pack in layers
o
about 2000 A thick. Layer thickness in the smectic phase is only
about 20 A.
The solid crystalline state has order in three dimensions, as
represented by a body-centered cubic packing (Fig. 7b). The liquid
crystalline state is therefore more structured than the liquid state,
but less structured than the solid state. Liquid crystals are optically
anisotropic; this means that they can transmit light waves of different
velocities in different directions. When viewed between crossed Nicol
prisms of a polarizing microscope, intense color bands are seen. In
the cholesteric-nematic structure, color changes correspond to changes
in temperature. The lyotropic liquid crystals are obtained by dispers¬
ing a compound in solvent, e.g., water. Most detergents, soaps and
surfactants dispersed in water will form lyotropic liquid crystals
(Fig. 8). As the water concentration is increased, several mesophases
are obtained. The molecular structure of these compounds include an
ionic group that is water-soluble and an organic part that is insoluble
in water. They possess both mobility and structural order.
In addition to the other properties already discussed, liquid
crystals also respond to changes in chemical environmentjh-js
is a behavioral property that is associated with living cells.10
The overwhelming majority of polymers are in the glassy or crystalline
states at room temperature. Ordinarily, liquid crystalline transitions
take place with rising temperature: crystalline polymers at the melting
10
Figure 8(a), The lamellar or neat phase of soaps.
Figure 8(b). The hexagonal or middle phase of soaps.
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temperature (Tp,) melt to form highly viscous anisotropic phases, and
glassy polymers soften at the glass transition temperature (Tg). By
analogy with low molecular weight liquid crystals, these temperatures
are called the liquid crystalline transition temperatures
Figure 9. Generalized structural model of a liquid crystal.
A generalized structural model of an aromatic compound exhibiting
liquid crystallinity is shown in Fig. 9. X and Y functionalities are
chosen such that the width of the molecule is not broadened relative to
the benzene rings that constitute the backbone. If the central units
(A-B) are carefully selected so that multiple bonds are present along
the long axis, and rigidity is maintained with linearity, then liquid
crystallinity of the molecule is enhanced. Furthermore, the molecule
must be planar and polarizable. The polymers shown in Scheme I are
good examples of liquid crystal polymers. All of these have been
synthesized and carefully characterized by the Polk research group at
Atlanta University. Many of these compounds have been shown to possess
some of the interesting liquid crystalline properties described in




aliphatic structures in these polymers lower the thermal stabilities of
the systems.
The preparation of aromatic polyesters has been done by the react¬
ion of aromatic dicarboxylic acid chlorides with substituted hydroquin-
ones.17 The product from the reaction of terephthaloyl chloride and
hydroquinone was found to decompose at temperatures below the melting
temperature. Schaefgen et aU^ reported that poly(oxy-2-methyl-l ,4-
phenylene oxyterephthaloyl) formed nematic melts. But Polk and co¬
workers have been unable to reproduce that result. We therefore decid¬
ed to synthesize a random copolyester by the reaction of 4,4'-biphenol,
2,2'-biphenol, 2-chloro-l,4-hydroquinone and terephthaloyl chloride.
We also decided to structurally modify that random polymer by replac¬
ing the chloro functional group with a methyl group, with the ultimate




Inherent viscosities were measured at 30°C with a Cannon-Fenske
Viscometer at concentrations of 0.5 g/lOOmI in trifluoroacetic acid.
Thermal analysis data were determined with a differential scanning
calorimeter (DuPont 910). Polarizing optical microscopy was performed
on a Leitz Laborlux 12 Pol microscope with a Leitz 350 heating stage.
Proton NMR spectra were determined with a Varian EM-60 MHz spectrometer.
The chemical shifts are reported relative to tetramethylsilane as an
internal standard. In frared spectra were obtained on KBr disks with a
Nicolet 5DXB FTIR spectrometer. NMR solid state measurements were
obtained on a Broker MSL 200 spectrometer.
The £-dichlorobenzene used as solvent in the polyesterification
was purified by distillation and stored over molecular sieves. Solubil¬
ity tests were run in commercial grade solvents.
Melting points were determined on the Thomas Hoover capillary
melting point apparatus. Elemental analysis data were provided by
Galbraith Laboratories. Molecular weight analysis of copolyester I was
run on a Waters 150C ALC GPC.
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Materials
The starting materials, 4,4'-biphenol, 2,2'-biphenol, chlorohydro-
quinone and terephthaloyl chloride, were commercial products. Chloro-
hydroquinone was recrystallized from dry benzene. Methylhydroquinone
and 2,2'-biphenol were purified by recrystallization from water.
Terephthaloyl chloride was recrystallized from hexane. 4,4‘-Biphenol




In a clean dry 1000-mL three-necked round-bottom flask fitted with
a condenser, a nitrogen inlet and a magnetic stirrer was placed 20.30 g
(0.1000 mol) of terephthaloyl chloride, 3.72 g (0.0200 mol) of 4,4'-
biphenol, 5.58 g (0.0300 mol) of 2,2'-biphenol, 7.22 g (0.0500 mol) of
chlorohydroquinone and 200 mL of £-dichlorobenzene. Before adding the
solvent, nitrogen was passed through the mixture of the reactants for
15 minutes. The reaction mixture was then refluxed at 170°C for 12 hr
with constant vigorous stiring, under a nitrogen atmosphere.
At the completion of the reaction, the polymer was allowed to sit
in solution for 7 hr and then poured into copious amounts of methanol.
The precipitated polymer was washed many times with fresh portions of
methanol and then several times with water, filtered off and then dried






Terephthaloyl chloride (5.00 g, 0.0246 mol), 2.50 g {0.0201mol) of
methylhydroquinone, 1.50 g (O.OOSlmol) of 2,2'-biphenol and 1.00 g
(0.0054 mol) of 4,4'-biphenol were added to a clean dry 250-mL round-
bottom flask fitted with a condenser, a thermometer, a nitrogen inlet
and a magnetic stirrer. Nitrogen was passed through the mixture of the
reactants for 15 minutes. £-Dichlorobenzene (100 ml) was added to the
reaction flask and the mixture was refluxed for 8 hr at 160°C with
constant vigorous stirring, under a nitrogen atmosphere.
At the end of the reaction the polymer was precipitated in methanol
and washed several times in fresh portions of methanol and water. After






Elemental analysis results for copolyester I were as follows:
Anal. Calcd. for C54H3i0i2^^■ 69.09; H, 3.22; Cl, 6.01. Found: C,
68.71; H, 3.31; Cl, 6.09.
The infrared spectrum of copolyester I showed peaks at 3066 (weak,
aromatic C-H stretch), 1737 (strong, ester C=0 stretch), 1605 and 1409
(weak, C=C in plane vibrations), 1490 (strong, aromatic nucleus), and
1179-1245 (strong, C-0 stretch) cm“l. Strong peaks at 1007 and 1015
cm"l are characteristic of aromatic polyesters. Peaks at 875, 810,
760 cm"l and the strong peak at 720 cm“l may be attributed to C-H
aromatic out-of-plane bending vibrations. The IR spectrum of copoly¬
ester I is shown in Fig. 10.
The proton nuclear magnetic resonance spectrum of copolyester I in
deuterated chloroform/trifluoroacetic acid is shown in Fig. 11. The
peaks between 7.0 and 8.5.ppm are assigned to aromatic protons, and this
is consistent with the structure of copolyester I (only aromatic protons
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Figure 10. IR spectrum of copolyester I
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Figure 11. ^MR spectrum of copolyester I
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The solid-state nmR spectrum showed broad and overlapping peaks
between 125 and 150 ppm. These are assigned to the aromatic carbons.
The peaks between 150 and 165 ppm are assigned to the carbons adjacent
to oxygen in C-0 bonds, whereas the peaks between 165 and 175 ppm are
assigned to the carbonyl carbons. The spectrum of copolyester
I is shown as Fig. 12.
Random copolyester I was subjected to a very careful examination
under the polarizing optical microscope. No noticeable behavioral
changes were recorded at low temperatures until at about 152“C a slight
swelling of the sample occured, indicating a probable softening of the
polymer. At 162°C the polymer began to glow at various tiny spots
with no indication of any preferred orientation. Glowing became more
obvious at an increased number of sites within the temperature range
of 170-180°, reaching a maximum at 187°C. Flowing was first observed
at 196°C after the polymer was sheared for the first time. Between
200-220°C the appearance of different color bands was observed (green,
yellow, blue, red, and purple). This is indicative of a transition
from the crystalline to a nematic phase. In the absence of crossed-
polarizers, a clear fluid appeared. Between 256 and 265°C complete
melting was observed. The temperature of maximum birefringence was
284°C. Between 320 and 330°C various regions began to show signs
of decomposition and this came to a maximum at about 356°C. The fore¬
going observations provide essential evidence for the thermotropic
liquid crystalline properties of copolyester I. Fig. 13 represents





Figure 12, C NMR spectrum of copolyester I.
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Figure 13. Optical micrographs of copolyester I: (a) 152°C.
(b) 200°C. (c) 265°C
24
The differential scanning calorimetry thermogram (Fig. 14) showed
a broad endotherm centered at 150“C. This endotherm may be attributed
to a glass transition (Tg).
Solubility tests revealed that the copolyester is insoluble in the
following solvents even at elevated temperatures: acetone, ethyl ether,
carbon tetrachloride, toluene, benzene, methanol and water. It was
shown to be slightly soluble in THF and chloroform, but more appreci¬
ably soluble in trifluoroacetic acid. Copolyester I is soluble in
m-cresol. Solubility in these solvents increased at elevated tempera¬
tures.
The average molecular weights were Mn = 4964, Mw = 8514 and Mz =
12560 relative to polystyrene internal standards. Tetrahydrofuran was
used as solvent even though the polymer was not completely soluble in
it. The polydispersity index (Mw/Mn) was calculated to be 1.7. The
indicated inherent viscosity was 0.22 dL/g at 30°C in trifluoroacetic
acid and 0.24 dL/g in m-cresol at the same temperature.
MCAL/SEC
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Elemental analysis results for random copolymer II were as follows:
Anal. Calcd. for C55H340]^2* C, 73.68; H, 3.89. Found: C, 71.60; H,
4.25.
The infrared spectrum of copolyester II (Fig. 15) showed peaks at
3074 (weak, aromatic C-H stretch), 1737 (strong, ester C=0 stretch),
1606 and 1409 (weak, C=C in-plane vibrations), 1491 (strong, aromatic
nucleus), and 1089-1278 cm"l (strong, C-0 stretch for the aromatic
ester). The weak peaks at 876 and 720cm"l may be assigned to C-H
(aromatic) out-of-plane bending vibrations. The broad peak centered
at 3468 cm"l represents -OH stretch.
The proton nuclear magnetic resonance spectrum of copolyester II
in deuterated chloroform/trifluoroacetic acid is shown in Fig. 16.
The peak at about 2.4 ppm is assigned to the protons of the methyl
group. The peaks between 7.0 and 8.6 ppm are assigned to aromatic
protons in different chemical environments.
The solid state carbon-13 NMR spectrum of copolyester II is shown




Figure 15. IR spectrum of copolyester II.
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. 1h wrFigure 16 spectrum of copolyester II
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Figure 17 ItIR spectrum of copolyester II
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methyl group. The peaks between 120 and 130 ppm are weakly resolved.
This may be as a result of impurities in the sample. In copolyester I
these peaks absorb more sharply with their center at about 133 ppm.
The peak at 133.5 ppm is assigned to aromatic carbons. The peak at
147.4 ppm is assigned to the carbons (of the benzene rings) directly
bonded to oxygen and the peak at 163.5 ppm is assigned to carbons of
the carbonyl group.
Upon close examination under the polarizing optical microscope, co¬
polyester II showed the first noticeable response to heating at 116°C
when various tiny spots began to glow, accompanied by a slight swelling
of the sample. At 168°C glowing became more obvious and was observed
all over the sample. After shearing the polymer at 175°, various colors
began to show up at specific spots. Flowing was first observed at
200°C. The temperature of maximum birefringence was recorded at 249°C.
Decomposition was observed at about 375°C.
The differential scanning calorimetry thermogram of copolyester II
(Fig. 18) showed endotherms at about 168.0 and 265.4°C. The endotherm
at 168.0°C represents a melting transition, while that at 265.4°C may
be a clearing endotherm.
Solubility tests showed that copolyester II is insoluble in the
following solvents: carbon tetrachloride, methylene chloride, acetone,
m-cresol and toluene. Partial solubility was observed in THF and
trifluoroacetic acid. However, copolyester II is much less soluble in
THF than copolyester I. Due to this insolubility in THF and other
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common solvents, average molecular weights of copolyester II could not
be measured.
Viscosity measurement indicated an inherent viscosity value of
0.13 dL/g for copolyester II. This rather low value is probably as
a result of lack of complete solubility of the polymer in trifluoroace-
tic acid which was used as the solvent.
MCAL/SEC
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Figure 18. DSC thermogram of copolyester II
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Figure 19. Optical micrographs of copolyester II:
(c) 235°C.
(a) 116“C, (b) 205°C.
CONCLUSION
The major characterization of the polymers resulting from these
experiments was achieved by IR and NMR spectroscopy, as well as solubili¬
ty tests, polarizing microscopy and DSC. The only evidence for the
liquid crystallinity of the copolyesters came from polarizing microscopy.
This technique revealed that copolyester I and copolyester II exhibit
some kind of order in the melt as observed in the figures included in
this work. It was also established that they both exhibit mobility as
a result of their response to temperature. Therefore, copolyesters I
and II have the mobil ity of a 1 iquid and the structural order of a sol id.
This is in fact, a basic property of thermotropic liquid crystals. We
conclude that copolyester I and copolyester II are liquid crystals.
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